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ABSTRACT
This study investigates the failure behavior of two types of composite materials using
damage models within the framework of ABAQUS finite element software. The failure
behavior of an IM7/977-2 carbon epoxy composite material subjected to a Mode I
delamination is predicted using traction-separation and bulk material damage models that
are based on disturbed state concept (DSC) principles. The models were validated by
comparing the results to referenced laboratory testing performed on IM7/977-2 carbon
epoxy composite. The damaged states associated with various stages of loading are
presented in this study.

v

This study also predicts the failure behavior of asphalt materials through the use of
damage models using the principles of the DSC. Traction-separation crack response,
damage initiation and damage evolution behavior are investigated by modeling pavement
systems consisting of a hot mix asphalt (HMA) overlay above an existing HMA layer and
subjected to an applied static wheel loading.

Preexisting cracks located within the

existing asphalt material are also considered.

The extended finite element method

(XFEM) was employed to model mesh-independent cracking. The finite element model
was validated by comparing the results to indirect tensile laboratory testing and
referenced direct tensile laboratory data-based results performed on asphalt samples. The
validated model was then used to examine damage in a pavement system with and
without preexisting cracks.
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1

INTRODUCTION

A composite material is defined as a material which is made of two or more material
constituents. This definition covers a broad range of materials, including fiber-reinforced
materials composed of fibers within a matrix, to construction materials, such as asphalt,
which is composed of aggregate within a mastic matrix.

An accurate prediction of the composite’s failure behavior is required to assess the
performance of the material for engineering applications. The macroscale failure of
composite materials has been described through classical damage mechanics as well as
fracture mechanics. Classical damage models describe the plastic deformation of the
composite material by defining a damaged zone and an undamaged zone within the
material. The damaged zone represents small-scale damage, such as microcracking.
However, the number and size of cracks are not taken into account but are instead
described by an area which is unable to support a load.

Fracture mechanics assumes that material damage is large enough to be described
through a discrete fracture with a macroscale geometry that affects the behavior of the
material. Failure as described by fracture mechanics requires either discrete cracks or
failure zones to be defined at a specific location within the material. This limits the
failure analysis of the material since the failure zones must be predefined.
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The disturbed state concept (DSC) developed by Desai (2001) is a damage model which
allows failure behavior to be predicted by simultaneously using both classical damage
and fracture failure principles. The DSC approach accounts for the material’s stress state,
the deformation stress path, and the volume change the material may experience through
microcracking and fracturing.

This study explores damage models within the framework of ABAQUS finite element
software in order to describe damage within polymeric and asphalt composite materials.
Discrete fractures within a polymeric composite material were developed without having
to define damaged and undamaged zones by combining bulk (continuum) damage and
delamination. This allowed for damage to occur in any part of the system. Thus, the
essence of the DSC was used in this study to combine material damage models and
accurately predict failure behavior.

1.1

OBJECTIVES

The objective of this study is to predict the failure behavior of polymeric and asphalt
pavement composite materials using damage modeling implemented through the
ABAQUS finite element software (version 6.9). This modeling approach was inspired by
the disturbed state concept (Desai, 2001) and allows for both continuum (bulk) damage as
well as the development of discrete fractures within the material without having to define
a damaged and undamaged zone. Any part of the composite material was allowed to fail
based on the current stress state in the material.

2

The failure behavior of a polymeric composite material was evaluated by modeling two
carbon-epoxy composite panels in a double cantilever beam configuration under an
applied displacement. The failure stages within the material, including damage according
to the DSC and damage at the interface between the composite panels, was described to
predict failure behavior of the material.

The DSC principles were used in a finite element framework to evaluate the failure and
fracture behavior in an asphalt pavement by using the extended finite element method
(XFEM) in ABAQUS.

The XFEM method does not require damaged or undamaged

zones to be defined but allows any part of the material to fail based on its stress state. In
addition, the method allows the finite element model to be mesh-independent and does
not require mesh refinement to predict accurate cracking behavior.
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2

BACKGROUND

The disturbed state concept (DSC) as described by Desai (2001) describes material
deformation behavior in terms of an undamaged, or relatively intact (RI) part and a
cracked, or fully adjusted (FA) part. The RI and FA conditions are graphically shown in
Figure 2.1. Under an applied load, the material is continuously transformed from the RI
state to the FA state. This transformation is caused by microstructural changes within the
material such as particle motion (translation, rotation, and microcracking).
RI

D=0

FA
Dci

Dcf

Df

Du

D=1

Figure 2.1. Symbolic Representation of the Disturbed State Concept (Desai, 2001)
The RI state represents undamaged material and can be described through elastic,
elastoplastic, or other models (Desai, 1996). The RI part of the material is assumed to
behave as a continuum. The FA state is associated with microcracking which eventually
leads to complete failure. When the FA state is reached, the properties of the material are
different that the material in the RI state.
4

The FA state can be described through

continuum damage models where the material is described as a void possessing no
strength; by models which allow the material to support a hydrostatic stress but not a
shear stress; or through critical state models.

The disturbance function, D, is a parameter which couples the RI and FA behavior and
describes microstructural changes within the material. This function allows the material
behavior to be described in terms of both the RI and FA states. The disturbance function
concept is illustrated in Figure 2.2, which shows the stress-strain response of a material
subjected to damage-inducing stress conditions. In the figure, line i represents a perfectly
elastic material that does not experience damage under loading. Line a represents the
stress-strain response of a material that is initially elastic but is eventually damaged. Line
c represents a completely damaged material that can sustain no stress. When D is equal
to zero, the entire material is in the RI state, and no part of the material has experienced
damage. As D increases, a portion of the material transforms to the FA state. This
includes damage associated with the initiation of microcracking (Dci), the formation of a
finite crack (Dcf), fracture growth (Df), and ultimate disturbance at which the material can
no longer sustain a load (Du). When D is equal to 1, the entire material has reached the
FA state, and the material is considered to be completely damaged.

5

Figure 2.2. Schematic of DSC Stress-Strain Behavior (Desai, 2001)

2.1

DISTURBED STATE CONCEPT CONSTITUTIVE EQUATIONS

The DSC constitutive equations can be described as follows according to Desai (2001).
If a material is composed of both relatively intact (RI) and fully adjusted (FA) parts, then
the observed force acting on the material can be described through Equation 2.1:

Fa  Fi  Fc
Equation 2.1
where Fa is equal to the observed force on the material, Fc is equal to the force in the FA
part, and Fi is equal to the force in the RI part. Equation 2.1 is expressed in terms of
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stress by dividing the force components by the total area of the material (assuming a unit
thickness) as shown in Equation 2.2:
F a F i Ai F c A c
 i 

A
A A Ac A

Equation 2.2
where A is the total area, Ai is equal to the area of the RI part of the material, and Ac is
equal to the area of the FA part of the material. This equation can then be rewritten in
terms of stress:

a i 

Ai
Ac
 c
A
A

Equation 2.3
Where ζa is the observed stress, ζi is the stress in the RI part of the material, and ζc is the
stress in the FA part of the material. Equation 2.3 can also be written in a threedimensional form as Equation 2.4:

 ija   iji 

Ai
Ac
  ijc
A
A

Equation 2.4
From this point, the disturbance function D can then be introduced. Rewriting Equation
2.4 in terms of the disturbance function leads to Equation 2.5:

 ija  (1  D) iji  D ijc
Equation 2.5
In Equation 2.5, the disturbance function D is equal to Ac/A, and (1-D) is equal to Ai/A.
In this equation, the disturbance function is expressed as a scalar value, which is
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sufficient for practical analysis purposes and is a form which is used extensively by Desai
(2001). Equation 2.5 can also be written in incremental form, as shown in Equation 2.6:



d ija  (1  D)d iji  Dd ijc  dD  ijc   iji


Equation 2.6

Where dD is the increment or rate of D and ζij is the stress tensor. The DSC stress
equation can then be expressed in terms of constitutive tensors and strain, as follows:



i
c
d ija  (1  D)Cijkl
d kli  DCijkl
d klc  dD  ijc   iji


Equation 2.7

In Equation 2.7, Ciijkl is the constitutive tensor for the RI part of the material, Ccijkl is the
constitutive tensor for the FA part of the material, and εij is the strain tensor.

2.2

RELATIVELY INTACT STATE

The RI part of the material, which represents the part of the material which is essentially
undamaged, can be described through a continuum model (elasticity, plasticity, etc.)
(Desai, 2001). The RI model represents the initial conditions of the material before
damage has initiated. The RI constitutive equation for an isotropic linear elastic material,
which has been used in this study to describe the RI state of the material, is given by
Equation 2.8:
i (e) i
 iji  Cijkl
 kl

Equation 2.8
In this equation, ζiij is the stress tensor (Equation 2.9), εikl is the strain tensor (Equation
2.10), and Ci(e)ikjl is the constitutive tensor for linear elastic isotropic material (Equation
2.11):
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  11  12  13 


i
 ij    21  22  23 


 31  32  33 

i

Equation 2.9
  11  12  13 


i
 ij    21  22  23 


 31  32  33 

i

Equation 2.10

i (e)
C ijkl


 1 

1 


E

1   1  2  
 symmetrica l






0
0
1 
0
1  2







1  2
0 

1  2 
0
0
0
0

0
0
0
0

i

Equation 2.11
Elasto-plastic models were also used in this study. For these models, a yield stress was
used to define the limit of elastic behavior of the material. The plastic strains were then
expressed for each subsequent stress increment.

2.3

FULLY ADJUSTED STATE

As loading on a material increases, part of the material transforms from the RI state to the
FA state.

The transformation to the FA state is caused by self adjustment of the

material’s microstructure, which can be caused by translation and rotation of particles
(Desai, 2001). Both FA and RI states exist within the material and the two states are
connected in much the same way as water bubbles enclosed within a solid matrix (Desai,
2001). The overall behavior of the material is therefore dependent on both the RI and FA
9

parts, which can both support a load. When the final FA state is reached, the FA portion
of the material is totally damaged and can support no load; this type of damage presents
itself as finite cracks within the material.

One method of describing the FA state of a material is through a constrained liquid-solid
in which shear strains are developed under an applied shear stress. An FA material can
also be described as a constrained liquid in which the FA part of the material can carry a
hydrostatic stress or mean pressure. As soon as the FA state is reached however, the
material can no longer support a shear stress. The FA material can also be described as a
finite crack or a finite void within the material that can support no stress.

2.4

EXPRESSIONS OF THE DISTURBANCE FUNCTION

The disturbance function D is described through the DSC concept in terms of area as
shown in Equation 2.12:

D

Ac
A
Equation 2.12

where A is the total material area and Ac is equal to the area of the FA part of the material.
The above equation is a simplified characterization of the disturbance function and
applies to a material which has a unit thickness. The disturbance function can also be
expressed in terms of stress as shown in Equation 2.13 (Desai, 2011):

 i  a
D  i
  c
Equation 2.13
10

where ζ is equal to a measure of stress (axial, shear, etc.), ζa is equal to the observed
stress response of the material, ζi is equal to the stress in the RI portion of the material,
and ζc is equal to the stress in the FA portion of the material. Disturbance can also be
expressed in terms of volume through void ratio as shown in Equation 2.14:

D 

ei  ea
ei  ec
Equation 2.14

where e is equal to void ratio, ea is equal to the observed void ratio of the material, ei is
equal to the void ratio of the RI portion of the material, and ζc is equal to the void ratio of
the FA portion of the material. The disturbance function can be expressed in many other
ways, including through hydrostatic or mean stress, ultrasonic velocity, and accumulated
plastic strains (Desai, 2007). Stress-based disturbance within a material was investigated
in this study.

2.5

DISTURBED STATE CONCEPT IN ABAQUS

Disturbed state concept principles are integrated in the ABAQUS finite element software
through constitutive models which use a damage variable to describe various stress states
within a material under an applied load. Material failure is defined in ABAQUS as the
complete loss of load-carrying capacity that results from progressive degradation of the
material stiffness (Dassault Systemes, 2009). Material failure is described through two
steps: damage initiation, which is a criterion at which damage within the material begins,
and through damage evolution, which is described through a decrease in the elastic
modulus of the material.

The evolution of damage within a material can then be

described through the stress-strain curve of the material as shown in Figure 2.3.
11

d'



c

b

d

a



Figure 2.3. Stress-Strain Curve for a Damaged Material (Dassault Systemes, 2009)

The undamaged response of the material is shown through line abcd’ in Figure 2.3, where
line ab represents the linear elastic behavior of the material, and line bc represents plastic
yielding with strain hardening. Line cd′ represents the state of the material without
damage. If the material is damaged however, a different stress-strain path is created.
Point c defines the state of the material at which damage begins. The damage then
evolves along line cd, which is described through a damage evolution law whereby the
material stiffness degrades under the applied stress. Point d is the point at which the
stiffness of the material has fully degraded.

The damage evolution of a material describes how the material degrades after a damage
initiation criterion is met. Damage evolution can be described as total displacement for
elastic materials or plastic displacement for bulk elastic-plastic materials and is referred
to as displacement damage evolution. Damage evolution can also be described as the
amount of energy required for a material to fail (fracture energy) after damage is initiated
and is referred to as energy damage evolution. The overall damage of a material can be
described through a generalized damage equation shown in Equation 2.15.
12

  1  De  
Equation 2.15

where ζ = stress during loading, De = the damage evolution variable, and  is the stress
within the undamaged material.

The damage variable approach is the cornerstone of Desai’s disturbed state concept and
captures the overall failure behavior of the material at various stress states.

The

difference between Desai’s DSC and damage models in ABAQUS can be seen by
comparing Equation 2.5 and Equation 2.15:

 ija  (1  D) iji  D ijc

 ija  1  D    ij

(DSC damage equation)
(ABAQUS damage equation)

Equation 2.16

The term Dζijc in the DSC damage equation allows the damaged portion of the material to
be able to support a stress. This term is not included in the ABAQUS damage equation
because a discrete fracture is created within the material when the damage variable De is
equal to one. Once the discrete fracture is formed, the fracture cannot sustain a stress.
Desai offers this scenario as one of the

fully adjusted (FA) states of the DSC as

described in Section 2.3, although he states that this scenario is unrealistic (Desai, 2001)
because the stress-strain response of the material is no longer affected by microcracking
if a finite macrocrack is formed.
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The author believes that it is advantageous to model the FA state as a discrete fracture
after damage evolution because discrete fracturing is a realistic failure behavior for both
asphalt and polymeric composite materials.

Desai (2007) has modeled the discrete

fracturing scenario in asphalt. However, in Desai’s study the formation of a physical
fracture forming within the asphalt was not modeled. Instead, the asphalt was considered
to be fractured when the damage variable was equal to unity. In the present study,
fractures were physically formed within the material when the damage variable reaches a
value equal to unity.

2.6

ABAQUS TRACTION SEPARATION RESPONSE

Traction-separation response is an ABAQUS model that describes damage initiation and
evolution. The term traction-separation refers to the stress on the plane of a crack and the
relative separation between the surfaces on either side of the crack as shown in Figure
2.4.

Traction Stress, t

Separation, δ

Figure 2.4. Traction-Separation of a Crack Surface
The traction-separation principal can be applied to both the interface between composite
panels and to discrete cracks within an asphalt pavement. Both material interfaces and
14

discrete cracks affect the mechanical behavior of materials under loading and can be an
initial weak zone from which further damage initiates. Traction-separation provides a
way to model the progression of separation between the composite panels or to model the
propagation of cracks through an asphalt material. With this modeling methodology, the
interface or crack is very thin and has a geometric thickness that may be considered as
zero (Dassault Systemes, 2009).

In the case of linear elastic traction-separation response, the material follows a linear
elastic behavior when loaded until a critical traction stress is reached.

Damage is

initiated when the critical traction stress is reached. The traction stress at the crack or
interface is linearly related to the traction strain. The elastic response of the material can
be described as shown in Equation 2.17:

t1   K11
 
t  K  t 2    K 21
t   K
 3   31

K12
K 22
K 32

K13   1 
 
K 23   2 
K 33   3 
Equation 2.17

In Equation 2.17, t is the nominal traction stress vector where t1, t2, and t3 = traction stress
at the crack interface during loading in the 1, 2, and 3 principal coordinate (normal, shear,
and transverse) directions. The normal, shear, and transverse shear strains within the
material are represented by ε1, ε2, and ε3, respectively. K represents the elasticity matrix
of the material and relates the traction stress vector to the strain vector. As the loading
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sequence continues, damage evolves, and the capacity of the material to sustain a traction
load is reduced until the material has been completely damaged.
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3

PREDICTING FAILURE BEHAVIOR OF POLYMERIC COMPOSITES
USING DAMAGE MODELS

3.1

INTRODUCTION

Composite materials are widely used in the space industry today. Composites are used
extensively in the construction of space equipment such as spacecraft, missiles, satellites,
and launch components. In particular, polymeric composites are extensively used due to
the composite’s light weight and performance under adverse environmental conditions.
In order to determine the design life of the composite material used in such applications,
an accurate prediction of the failure behavior of the material is required.

3.2

CHAPTER OBJECTIVES

The objective of this chapter was to simulate and predict the failure behavior of carbonepoxy composite panels by allowing any part of the material to fail based on its current
stress state without having to define damaged or undamaged zones. This behavior was
modeled using the disturbed state concept models available in ABAQUS finite element
modeling software. The failure behavior predicted through finite element modeling was
validated by comparing the results to laboratory test results performed by others (Johnson
et al., 2005).

3.3

MATERIAL DAMAGE AND FAILURE

The general damage behavior of the polymeric composite material was simulated by
using the damage models available in ABAQUS finite element modeling software as
described in Section 2.5. Material damage was specifically described through two steps:
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damage initiation, which is a criterion at which damage within the material begins, and
damage evolution, which was described through a decrease in the elastic modulus of the
material.

3.4

DAMAGE INITIATION

Damage initiation in the bulk of the composite material occurs through the growth and
joining of voids within the material. Damage initiation can also mark the starting point of
the degradation of the material at the lamina interface.

3.4.1

Damage Initiation for Composite Panels

The failure behavior of the composite panels examined in this study was modeled
according to the disturbed state concept (DSC), which describes the change in a material
subjected to a load as it progresses to the failed state. This was primarily expressed as a
decrease in the stiffness and a corresponding decrease in the load-carrying capacity of the
material, which was caused by the growth and coalescence of voids within the material.
This principle is similar to the definition of ductile damage as described by ABAQUS
(Dassault Systemes, 2007), where the stress within the material is decreased by a
disturbance factor.

The constitutive model which described damage initiation according to ductile fracturing
and the DSC assumed that the equivalent plastic strain at the onset of damage,  Dpl , was
related to the strain rate and the stress triaxiality, which is the ratio of the mean stress to
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the Mises equivalent stress. Damage was then initiated when the ductile criterion shown
in Equation 3.1 was met (Dassault Systemes, 2007):

D  

d

pl

 Dpl  , 

pl

 1

or : Di  1
Equation 3.1
Where D = a state variable which describes plastic deformation, 

pl

= the plastic strain,

 Dpl = the equivalent plastic strain at the onset of damage, and η = stress triaxiality = -p/q
= ratio of the mean stress to the Mises equivalent stress, where p = -1/3 ζii and
q  3 2 S ij S ij . Di is the damage initiation variable; when Di = 1, damage within the

material is initiated.

3.4.2

Damage Initiation at Interface between Composite Panels

When failure of a composite material occurred at the interface between panels through
traction-separation, it was necessary to define the point at which damage initiated. The
stress and strain required for failure at the lamina interface was determined through the
concept of traction and separation as described in Section 2.6. With this concept, the
geometric thickness of the interface was assumed to be zero, and the thickness of
elements at the interface was assumed to be equal to one.

This allowed for the

assumption that the strains at the interface were equal to the relative separation
displacements between lamina. This concept is described below (Diehl, 2008).
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Nominal stress within the laminate interface was defined as the force component divided
by the original area of an interface element. Nominal strain was defined as the separation
between lamina at the interface divided by the original thickness of the interface. In
order to model the stress-strain response of the composite panels specifically at the
interface, the thickness of the interface material, heff, was assumed to be equal to one.
This ensured that the strain calculated at the interface was equal to the displacement on
either side of the interface. The strain at the interface was then written as shown in
Equation 3.2:




heff
Equation 3.2

where ε = strain at the interface of the composite, δ = displacement between the laminates
on either side of the interface, and heff = initial thickness of the interface material. The
strain can also be expressed through the three components of composite strain: ε1, ε2, and
ε3 with corresponding directional displacements δ1, δ2, and δ3. Using this concept, the
traction-separation response was described as shown in Figure 3.1:

20

Traction
t 1,t

2

,t

3

Gc

 1,

2

,

f 1 , f 2 , f 3

3

Separation

Figure 3.1. Traction-Separation Response of a Composite Material

In Figure 3.1, t° represents the peak traction stress within the composite and the point at
which damage was initiated. This peak traction stress was specified for the local 1, 2, or
3 directions of the composite material (t°1, t°2, or t°3). The symbol δ° represents the
displacement associated with the peak traction stress in the local 1, 2, or 3 directions of
the composite (δ°1, δ°2, and δ°3). Because the initial interface material thickness, heff, was
equal to unity, the displacements represented the strain at the interface in the respective
principal material coordinate directions. As the material was loaded, there was a stress
increase and a corresponding increase in displacement between the laminates at the
interface boundary until a critical value (δ f) was reached and the material was considered
to be completely failed.

3.4.3

Maximum Nominal Stress Damage Initiation at Interfaces

Damage initiation at the composite panel interface was described through the use of
maximum traction stress criterion to define the stress at which damage begins. In this
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damage initiation method, damage will initiate when the nominal traction stress ratio
reaches a value of 1 as shown in Equation 3.3 (Dassault Systemes, 2007):

 t1 t t 
max   , 2 , 3   1
 t1 t 2 t 3 

or : Di  1
Equation 3.3

where t1, t2, and t3 = traction stress at the composite interface during loading in the 1, 2,
and 3 principal coordinate directions; and t° = peak stress at which damage will initiate.
The Macaulay brackets

in Equation 3.3 signify that a purely compressional

deformation in the fiber direction of the composite will not initiate damage. Di is the
damage initiation variable; when Di = 1, damage within the material will initiate.

The initiation of damage was specifically described through a quadratic combination of
the traction stresses in the principal material directions as shown in Equation 3.4
(Dassault Systemes, 2007):
2

2

2

 t1   t 2   t 3 
           1
 t1   t 2   t 3 

or : Di  1
Equation 3.4
3.4.4

Maximum Nominal Strain Damage Initiation at Interfaces

Damage initiation may also be modeled through a maximum nominal strain criterion by
specifying a strain value at which damage will initiate. A normal, shear, or transverse
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shear maximum strain value can be utilized as initiation criteria, and damage will initiate
when the nominal traction strain value reaches unity, as shown in Equation 3.5 (Dassault
Systemes, 2007):
 1   
max   , 2 , 3   1
 1  2  3 

or : Di  1
Equation 3.5

where ε1, ε2, and ε3 = strain at the composite interface during loading in the 1, 2, and 3
principal coordinate directions; and ε° = peak strain value at which damage will initiate.

The initiation of damage can also be described through a quadratic combination of the
strains in the principal material directions as shown in Equation 3.6 (Dassault Systemes,
2007):
2

  1   2    3 
           1
  1   2   3 
2

2

or : Di  1
Equation 3.6

3.5

DAMAGE EVOLUTION

After damage in a composite material has initiated, a damage evolution path was
specified to describe how damage proceeded and the point where ultimate failure was
reached.
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3.5.1

Damage Evolution for Composite Panels

Damage evolution according to the DSC is similar to ductile damage, where damage is
described through yield stress softening and elasticity degradation of the material
(Dassault Systemes, 2007). Damage evolution is shown in Figure 3.2.



De = 0

σ0

(1-De)σ

E

E
De = 1

ε0pl

εfpl



Figure 3.2. Parameters for the Stress-Strain Curve of a Damaged Material

In this figure, E = elastic modulus of the material, De = damage evolution variable, ζ0 =
yield stress at the onset of damage, ε0 pl = equivalent plastic strain at the onset of damage,
and εf pl = equivalent plastic strain at failure. In Figure 3.2, the solid portion of the curve
represents the damaged material stress-strain response, while the dashed line represents
the undamaged material response. The damage evolution variable De describes the effect
of the damage mechanisms acting on the material. Damage evolution is complete when
De reaches a value of 1 and the material can no longer sustain any stress.

Because finite element methods were used to model damage evolution, the equivalent
plastic strain at failure, εf pl, was a function of the finite element length and thus could not
24

be used as a material parameter to describe damage evolution. Damage evolution was
then described through fracture energy dissipation, Gf, which is defined as the energy
required to open a unit area of crack within the composite panel (Dassault Systemes,
2007). The response of the material after damage initiated was described through a
stress-displacement response which was determined from a stress-strain response as
shown in Equation 3.7:
 pl

Gf  

pl L   y * d
f

o

pl



u pl
f

0

 y * du pl
Equation 3.7

Where Gf = fracture energy dissipation,  0pl = equivalent plastic strain at the onset of
damage, and  fpl = equivalent plastic strain at failure, L = characteristic length of the
finite element, ζy = yield stress, d pl = the plastic strain rate, u pl = equivalent plastic
displacement, and u fpl = equivalent plastic displacement at failure. The characteristic
length L in Equation 3.7 was based on the geometry of the finite element. For solid
elements, L is the cube root of the integration point for volume; for shells and planar
elements, L is the square root of the integration point area.

3.5.2

Damage Evolution at Interface between Composite Panels

Damage evolution for traction-separation behavior was more specifically described
through the traction stresses and the separations experienced at the laminate interface as
shown in Figure 3.1. In Figure 3.1, t° represents the peak traction stress in the local 1, 2,
or 3 directions within the composite and the critical value at which damage is initiated.
Beyond this value, the traction stress and separation (displacement) increases until a
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failed separation value, δ f, is reached. This traction separation path, or damage evolution
curve can be described as linear or exponential. The damage variable describes the
damage evolution of the material and reduces the amount of traction stress that the
material can bear as described in Equation 3.8:

t1  1  De  t1
t 2  1  De  t 2
t 3  1  De  t 3
Equation 3.8

Where t1, t2, and t3 = current traction stress within a composite during loading in the 1, 2,
and 3 principal coordinate directions, t1 , t 2 , and t 3 are the traction stresses predicted by
the linear elastic traction-separation behavior without damage, and De is the damage
evolution variable.

The failed separation value, δ f, defines the point at which damage evolution is complete
and the damage evolution variable, De, as described by Desai (2001) is equal to one. The
point at which damage evolution is complete is specified by the fracture energy, GC,
which is the energy required to open a unit area of crack within the interlaminar material
and is equivalent to the area under the traction separation curve shown in Figure 3.1. If
the area under the curve, GC, is specified and the traction stress at damage initiation is
known, then the point at which damage evolution is complete (De = 1) is known.
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The damage evolution variable is related to the fracture energy through Equation 3.9
(Dassault Systemes, 2007):

 mf  f   o 
De  f f
  m   o 
Equation 3.9
Were De = damage evolution variable, δ° = displacement associated with the peak
traction stress, δ

f

= maximum displacement attained during the loading of the

interlaminar material, and δ m f = 2*GC/ t°, where GC = fracture energy and t° = the peak
traction at which damage was initiated.

3.6

METHODOLOGY

Traction-separation response and damage initiation and evolution were studied in a
composite material composed of IM7 carbon graphite fibers in a 977-2 epoxy matrix.
The IM7/977-2 composite was modeled in ABAQUS finite element software using two
laminate panels subjected to double cantilever beam loading.

Finite element input

parameters were based on an inter-laminar toughness study of an IM7/977-2 composite
beam by Johnson et al. (2005). In the study by Johnson, the Mode I interlaminar fracture
toughness (“peeling” toughness) of an 8-ply, [03/±3/03] layup composite panel and 16ply, [07/±3/07] composite panel subjected to double cantilever beam loading were
determined through laboratory testing at various temperatures (Johnson et al. 2005). The
experimental temperatures ranged from -196°C (-320°F) to 160°C (-20°F).

The

laboratory tests performed by Johnson et al. (2005) were conducted according to ASTM
D 5528-01, “Standard Test Method for Mode I Interlaminar Fracture Toughness of
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Unidirectional Fiber-Reinforced Polymer Matrix Composites”.

The finite element

modeling input parameters used in this study were based on the laboratory test results of
the 8-ply panel at room temperature from the Johnson et al. (2005) study.

As specified in the Johnson study, each panel was 150 mm long, 26 mm wide and was 4
plies thick. Each ply was 0.150 mm thick for a total panel thickness of 0.6 mm. The
composite geometry is shown in Figure 3.3.

Top
Panel

3

1
2

Bottom
Panel

1.2 mm
0.6 mm
150 mm

26 mm

Figure 3.3. Geometry of Composite for Finite Element Analysis

The composite panels were manufactured with a Teflon strip inserted between the ±3
layers in the delamination laboratory experiment. The Teflon strip provided an initial
delamination within the composite where equipment was used to peel the panels apart.
This delamination was reproduced in the present finite element study in order to directly
compare the laboratory test results with finite element analysis results. A 38 mm wide
delamination was used in the ABAQUS composite model as shown in Figure 3.4. A total
displacement of 110 mm was applied in the 3-principal direction of the composite layup.
In order to simulate a double cantilever beam, the left edge of the composite was
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constrained from translation in the 1, 2, and 3 principal directions. The delamination and
boundary conditions of the composite beam are shown in Figure 3.4.

Pinned
end

Applied displacement =
55 mm

3
1

Delaminated area 38
mm long by 26 mm
wide

2

Applied displacement =
55 mm

Figure 3.4. Boundary and Loading Conditions for Finite Element Analysis

3.7

MATERIAL PROPERTIES

Two sets of material properties were used in the finite element analysis performed in this
study. The first set consisted of the composite panel material properties; the second set
consisted of the interface material properties. These properties are described in detail in
the following sections.

3.7.1

Composite Panels: Elastic Material Properties

The properties of the IM7 carbon fibers and the 977-2 epoxy matrix used in the finite
element analysis were obtained from the Hexcel® IM7 data sheet and the Cycom® 977-2
data sheet, respectively (Cycom, 2010 and Hexcel, 2010).

The properties of the

composite panels as a whole were determined using micromechanics principles with an
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assumed fiber-volume fraction of 60%.

The elastic properties of the IM7/977-2

composite panels are summarized in Table 3.1.

Table 3.1. Material Properties of IM7/977-2 Composite Beam

3.7.2

Fiber Volume Fraction

60%

Tensile Modulus, E1

167 GPa

Transverse Modulus, E2

7.39 GPa

Transverse Modulus, E3

7.39 GPa

Poisson’s Ratio, ν12

0.34

Poisson’s Ratio, ν13

0.34

Shear Modulus, G12

2.96 GPa

Shear Modulus, G13

2.96 GPa

Composite Panels: Plastic Material Properties

The plastic behavior of the composite panels was based on a study by Parry and AlHazmi (2003). In this study, cylinders of composite material composed of IM7 carbon
fibers and 977-2 epoxy matrix were loaded dynamically in compression at a high strain
rate of 850 s-1. A stress-strain curve showing the elastic and plastic behavior of the
composite material was developed with the test data and is shown in Table 3.2:
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Table 3.2. Compressive Stress-Strain Properties of IM7/977-2 Composite Beam
Stress, MPa

Total Strain, %

Elastic Strain, %

Plastic Strain, %

0

0

0

0

857

1.01

1.01

0

904

1.135

1.006

0.129

943

1.265

1.059

0.206

991

1.419

1.032

0.387

3.7.3

Composite Panels: Damage Initiation and Evolution

The initiation and evolution of damage in the composite panels was modeled using the
DSC/ductile criterion shown in Equation 3.1.

The DSC/ductile damage was described

through a decrease in stress triaxiality and fracture strain. The strain at which fracture
was initiated was determined from the study by Parry and Al-Hazmi (2003). The strain
rate of 850s-1 obtained from the same study was used in the ductile damage initiation
parameters. The damage initiation parameters for the composite panels are summarized
in Table 3.3.

Table 3.3. Damage Initiation Parameters for Composite Panels
Stress Triaxiality, η

Damage Initiation Strain

Strain Rate, s-1

0

0.01451

850

0.1

0.008

850

0.2

0.004

850

0.3

0.002

850

0.4

0.001

850

0.5

0.0008

850
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Once damage within the composite panels was initiated, damage evolution was described
through the fracture energy required to open a unit area of crack within a composite
panel, Gf. The damage evolution portion of the composite panels’ stress-strain curve was
assumed to be linear. A critical fracture energy of 0.478 mJ/mm2 was used in the
analysis based on the fracture energy provided in the Cycom® 977-2 Toughened Epoxy
Resin data sheet (Cycom, 2010).

3.7.4

Interlaminar Material

The undamaged interlaminar material properties were based on the critical fracture
energy of the composite material as described by Diehl (2008). A Mode I “peeling”
critical fracture energy of 0.2973 mJ/mm2 was used based on the findings by Johnson et.
al. (2005) for an 8-ply double cantilever beam tested at room temperature. The interface
strength of the composite was then determined using the critical fracture energy as shown
in Equation 3.10:

t 

2GC



f

Equation 3.10
where t° = interface strength of the composite material in a given principal direction, Gc =
interlaminar critical fracture energy, and δ f = cohesive ductility value as described by
Diehl (2008). According to Diehl, the cohesive ductility value, δ f, is a function of the
cohesive finite element length, Lc, and a fraction, f, of the cohesive element size. A
cohesive element length of 0.2 mm and a fraction of the cohesive element size of 0.5
were used in this analysis. The cohesive ductility value, δ f, was calculated using
Equation 3.11:
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 f  fLC
Equation 3.11
where δ f = cohesive ductility value, Lc = cohesive element size, and f = fraction of the
cohesive element size.

The initial elastic behavior of the interface was expressed as a material stiffness per unit
area as described by Diehl (2008) for a material which obeys a traction-separation
constitutive model. The initial elastic behavior was calculated as shown in Equation
3.12:

K eff 

2GC

 ratio 

f



2

Equation 3.12
where Keff = initial material stiffness per unit area, Gc = interlaminar critical fracture
energy, δ f = cohesive ductility value, and δratio = damage initiation ratio = δ°/ δ f . The
value δ° is the separation distance at which damage is initiated.

Diehl (2008)

recommended a damage initiation ratio of 0.5 for finite element analysis. The effective
elastic modulus of the interlaminar, cohesive material was calculated using Equation
3.13:
Eeff  K eff  heff

Equation 3.13

where Eff is the effective elastic modulus of the cohesive interlaminar material, Keff is the
initial material stiffness per unit area, and heff is the initial thickness of the cohesive
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element as described by Diehl (2008). An initial effective thickness value, heff, of one
was specified in the ABAQUS finite element model used in this study.

The full

interlaminar properties used in this analysis are summarized in Table 3.4.

Table 3.4. Composite Inter-laminar Material Properties
Interlaminar critical fracture energy, Gc
0.2973 mJ/mm2
Cohesive element size, Lc

0.2 mm

Fraction of the cohesive element size, f

0.5

Cohesive ductility value, δf

0.1

Damage initiation ratio, δratio

0.5

Interface strength, t   t1 , t 2 , t 3 :

5.95 MPa

Interface stiffness, Keff

118.9 MPa

Effective elastic modulus, Eeff

118.9 MPa

3.8

ELEMENT TYPE AND TIME STEP

Quadrilateral continuum shell elements were used to model the IM7/977-2 composite
panels in the ABAQUS finite element modeling software. The interface of the composite
was modeled using eight-noded, three dimensional cohesive elements. A single time step
(time period equal to one) was used in the analysis with the time step increments
(fractions of a step) shown in Table 3.5. The step time incrementation was also adjusted
to account for non-linear effects ("Nlgeom" setting on). An automatic stabilization
damping factor of 1 x 10-5 was also used. The time incrementation was adjusted for a
discontinuous analysis (I0 = 8, IR = 10). A maximum number of iterations (IA) value of
15 was used in this analysis.
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Table 3.5. Time Step Increments Used in ABAQUS Finite Element Model
Maximum Number of Increments

2500

Initial Increment Size

1 x 10-4

Minimum Increment Size

1 x 10-15

Maximum Increment Size

0.1
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3.9

RESULTS AND DISCUSSION

The results obtained from the finite element analysis performed on a double cantilever
IM7/977-2 beam using the ABAQUS software are presented in the following figures. A
contour plot of the displacement in the 3-principal direction during delamination is shown
in Figure 3.5, while a contour plot of the stress (σ33) within the composite is shown in
Figure 3.6. The displacements in the following figures have been exaggerated for ease of
visibility.

Displacement, U3
(mm)
40.40
33.67
26.93
20.20
13.47
6.73
-9.54E-07
-6.73
-13.47
-20.20
-26.93
-33.67
-40.40

Figure 3.5. Contour Plot of Displacement of a Composite Double Cantilever Beam
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Stress, S33 (MPa)
5.945
5.211
4.476
3.741
3.006
2.271
1.536
0.8014
0.006655
-0.06683
-1.403
-2.138
-2.873

Figure 3.6. Contour Plot of Stress (σ33) in a Composite Double Cantilever Beam

In order to compare the results from this study to the laboratory experiments performed
by Johnson et. al (2005), a force versus displacement curve at a specific reference point
was generated for the composite assembly. The reference point used in the finite element
analysis is at the same location where results were measured in the Johnson study and is
located where the 55 mm displacement was applied to the top composite panel. The
reference point is shown in Figure 3.7.
displacement are shown in Figure 3.8.
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The results of the normal force versus

Pinned
end

Applied displacement =
55 mm

3

Reference
Point

1

Delaminated area 38
mm long by 26 mm
wide

2

Applied displacement =
55 mm

Figure 3.7. Reference Point for Force and Displacement Shown in Figure 3.8
Force vs. Displacement
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Figure 3.8. Force vs. Displacement Curve for Reference Point on IM7/977-2 Beam

The normal force increased linearly with displacement until a maximum force of 35.5 N
was reached at the reference point and the quadratic combination of traction stresses
within the interface material reached a value of one as described in Equation 3.4.
Damage was initiated in the interface material after the maximum force was achieved,
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which also marked the starting point at which damage evolution began and the force
decreased as displacement increased.

A contour of the damage initiation criteria described in Equation 3.4 is shown in Figure
3.9. The red contours indicate that the damage initiation criteria reached a value of unity,
which indicates that the element reached the maximum traction stress value.
QUADSCRT
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+1.269e-17

1

2

3

4

Note: In Step 1, all QUADSCRT values are equal to zero.

Figure 3.9. Damage Initiation Variable Contour Plots for Various Time-Steps in the
Loading Sequence of the Double Cantilever Beam

A plot of the damage initiation variable Di versus force applied to the beam ends for a
specific reference element was created in order to determine the maximum allowable
force before damage initiation.

The reference location is an inter-laminar cohesive

element and is presented in Figure 3.10. The damage initiation variable plots for the four
nodes of the reference element are shown in Figure 3.11. Damage was initiated in
39

interfacial elements when the applied force at the reference element reached a value of
17.2 N which caused the quadratic combination of traction stresses as described in
Equation 3.4 to reach a value of one (Di =1) . The damage evolution variable De versus
the force applied to the beam ends is shown in Figure 3.12.

Adhesive Element

Figure 3.10. Reference Element for Results Shown in Figure 3.11
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Damage Initiation Variable, QUADSCRT

Damage Initiation Variable vs. Force
1.2
1
0.8

0.6
0.4
Nodes 1 & 4
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Nodes 2 & 3

0
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0

10
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Figure 3.11. Damage Initiation Variable versus Applied Force for the Nodes of an
Damage Evolution
Interface Variable
Element D vs. Force

Damage Evolution Variable, D
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Figure 3.12. Damage Evolution Variable versus Applied Force for the Nodes of an
Interface Element
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When the applied force reached 17.2 N and damage was initiated, the traction stress that
the interlaminar elements were able to sustain was reduced according to the damage
evolution law described in Equation 3.8. The disturbed state damage variable De was
linearly reduced by equating the area under the traction-separation curve to the fracture
energy required to open a unit area of interlaminar crack, GC as shown in Table 3.4. The
damage variable was increased until it reached a value equal to one and the interlaminar
elements could no longer sustain a traction force, causing complete failure of the
elements. This process continued until the entire composite beam was delaminated.

The damage initiation versus force curve shown in Figure 3.11 may be used to predict the
force at which damage will occur in the interface of an IM7/977-2 composite panel
subjected to peeling (Mode I loading). The damage evolution variable, De, versus force
data shown in Figure 3.12 may be used to predict the force at which damage has
completely evolved and the interface of the composite material can no longer sustain a
force.

The damage evolution of the interface material reference element in terms of stress
versus logarithmic strain is shown in Figure 3.13. Figure 3.13 shows the maximum
quadratic stress of 5.7 MPa reached within the interface material and the resulting linear
damage evolution behavior. The stresses that the interlaminar elements were able to
maintain were systematically reduced until the elements could no longer sustain stress.
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Figure 3.13. Stress σ33 versus Strain ε33 in Interface Material

The results obtained in the finite element modeling performed in this study were
compared to the interlaminar toughness laboratory test results study of an IM7/977-2
composite beam (Johnson et. al. 2005). The force versus displacement curve obtained
during laboratory testing for an 8-ply, [03/±3/03] layup composite panel at room
temperature is shown in Figure 3.14.
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Figure 3.14. Force vs. Displacement Curve for IM7/977-2 Double Cantilever Beam
according to Johnson et. al. (2005)

The finite element model developed in this study correlates well with the laboratory test
results obtained during the Johnson experiment. In the current study, a maximum force
of 35.5 N with an associated displacement of 21.9 mm was obtained from the ABAQUS
finite element model. This result is in agreement with the maximum force of 32.3 N
obtained from the laboratory testing of an 8-ply, [03/±3/03] layup IM7/977-2 composite
panel performed by Johnson et al. (2005). The associated displacement obtained in the
Johnson et al. (2005) laboratory testing was 10.5 mm for a single composite panel with a
total displacement of 21 mm for both panels, which is in agreement with the results
obtained in the present study.
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3.9.1

Damage to Composite Panels

A contour plot of the DSC/ductile damage initiation variable for a cantilever beam
subjected to an applied displacement is shown in Figure 3.15. As shown in this figure,
damage was not initiated in the top or bottom composite panels under the applied
displacement. This result was expected, as the strength of the composite panels was
much larger than that of the interface material.

The stress-strain curve for the composite panel is shown in Figure 3.16. As shown in
Figure 3.16, the stress state of the bottom surface of the upper composite panel reached a
maximum tensile stress of 833 MPa with an associated strain of 4.95 x 10-3. The top
surface of the upper panel reached a compressive stress of 833 MPa. This stress state
indicates that the composite panels did not reach the failure stress specified in Table 3.3
and damage was not initiated in the composite panels.
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Figure 3.15. Ductile Damage Initiation Variable Contour Plot for Double Cantilever
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0.006

3.10 CHAPTER CONCLUSIONS
A double cantilever beam composed of IM7/977-2 composite material subjected to Mode
I loading was successfully modeled in ABAQUS as described in this chapter. Chapter
conclusions include:


Bulk and interlaminar damage models were successfully combined in ABAQUS
to model the IM7/977-2 composite double cantilever beam subjected to Mode I
loading.



The finite element model predicted the interlaminar behavior of the material with
reasonable accuracy compared to laboratory data.



Damage within the interlaminar material of an 8-ply, IM7/977-2 composite panel
at room temperature will occur at an applied Mode I “peeling” force of 35.5 N
with an associated displacement of 21.9 mm.



This corresponds to an interface traction strength (t°) value of 5.95 MPa with an
associated interlaminar critical fracture energy (GC) value of 0.2973 mJ/mm2.



All input parameters required for modeling material damage for a double
cantilever beam composed of IM7/977-2 composite material subjected to Mode I
loading within ABAQUS were defined in this study.

The damage modeling experience gained through modeling a polymeric composite
material in ABAQUS finite element modeling software was used to explore damage with
asphalt composite materials, as shown in Chapter 4.
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4

EXTENDED FINITE ELEMENT FRACTURE MODELING OF ASPHALT
PAVEMENT

4.1

INTRODUCTION

Asphalt pavements deteriorate over time due to repetitive loading from traffic, water
infiltration, and weather conditions.

Asphalt pavement deterioration can take many

forms, such as cracks, ruts, potholes, and other depressions. As deterioration progresses,
pavement rehabilitation is required to repair distresses and bring the pavement back to a
serviceable condition.

A common rehabilitation method for older pavements is to

overlay the existing asphalt with a layer of hot mix asphalt (HMA). Cracks within the
existing asphalt are usually filled with crack sealant before the HMA overlay is placed.
However, it is common for cracks to be overlooked during the rehabilitation and not be
sealed before placement of the overlay. These unsealed cracks can negatively impact the
performance of the HMA overlay by causing stress concentrations and possible failure in
the HMA overlay above the cracks.

The methods used in this study utilized the principals of the disturbed state concept
(DSC) as described by Desai (2007) through the use of the extended finite element
method (XFEM) within ABAQUS finite element modeling software. The models used in
this study also offered a unique advantage from the traditional DSC method because they
allowed discrete fractures to form in the material without having to define a geometric
fracture in the finite element geometry of the material before loading occurs. Rather, a
discrete crack formed through element splitting when a critical damage value was
reached without the need for a preexisting crack to be present. The XFEM method is
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mesh independent, so mesh refinement was not necessary to predict accurate cracking
behavior.

The XFEM method was introduced by Belytschko and Black (1999), who created a
technique that would minimize the amount of remeshing required to model crack growth
in a finite element framework. The method utilized enrichment functions to represent the
crack Thus, the crack geometry itself does not require meshing, does not need to be
aligned with the mesh, and can be placed at any location within the material. The method
introduced by Belytschko and Black (1999) utilized the partition of unity concept
introduced by Melenk and Babuska (1996), in which enrichment functions are
incorporated into a finite element framework. The enrichment functions are near-tip
asymptotic fields and discontinuous functions that represent the jump in displacement at
the crack interface (Moes et al., 1999). The functions allow the crack to have additional
degrees of freedom from the surrounding material.

The XFEM method has been used to model the failure behavior of construction materials.
The method was used to model cohesive crack growth in concrete through tractionseparation relationships by Moes and Belytschko (2002) and was specifically utilized to
predict cracking in asphalt under low temperatures by Zhao and Wang (2002). However,
the Zhao and Wang (2002) study modeled preexisting asphalt cracks as a discrete
geometry within the asphalt material.

The XFEM method was also used to model

longitudinal cracking in asphalt by Feng et al. (2011).
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The XFEM method has been implemented through ABAQUS finite element software by
several researchers. Song et al. (2006) used the XFEM phantom node approach available
in ABAQUS to model crack growth through the use of traction-separation laws. Giner et
al. (2009) and Shi et al. (2010) also performed XFEM modeling in ABAQUS but
developed a user subroutine to implement a specific XFEM modeling method that
described crack growth by through nodal degree of freedom enrichment and
discontinuous functions.

4.2

CHAPTER OBJECTIVES

The objective of this chapter was to implement a damage model that allows prediction of
failure and fracture behavior in an asphalt pavement without having to define a damaged
and undamaged zone. Any part of the asphalt was allowed to fracture based on the
current stress state in the material. The models developed in this study implemented the
XFEM method in ABAQUS to model failure of asphalt through cohesive zone tractionseparation. The failure behavior of an HMA overlay above an existing asphalt pavement
under an applied displacement was modeled. Two scenarios were studied: a pavement
with pre-existing cracks in the existing asphalt layer and a pavement without pre-existing
cracks.

4.3

DAMAGE BEHAVIOR OF ASPHALT

Damage initiation marks the starting point of the degradation of material at the crack
surface interface within the asphalt material. Damage initiation for asphalt materials was
defined according to the traction-separation modeling concept described in Section 3.4.2.
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A stress-based stress damage initiation criterion as described in Section 3.4.3 was used to
define the stress state at which the asphalt material first experienced damage.

A

maximum principal stress criterion was established instead of defining damage initiation
in the three principal coordinate directions. Damage initiated when the stress ratio within
the asphalt material reached a value of 1 as shown in Equation 4.1 (Dassault Systemes,
2009):
f 

t max
0
t max

1

Equation 4.1

where f = damage initiation variable, tmax = principal stress within the element under
loading, and t0max = principal stress at which damage is initiated. The Macaulay brackets
in Equation 4.1 signify that a purely compressional stress within the material will not
initiate damage.

Damage within the material initiated when the damage initiation

variable f was equal to 1.

Damage evolution was defined according to a traction-separation law as described in
Section 3.5.2. Damage was described through Equation 4.2:

t max  (1  DXFEM )  t
Equation 4.2
Where tmax = current maximum principal traction stress at the crack interface during
loading, t = the traction stress predicted by the linear elastic traction-separation behavior
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without damage, and DXFEM is the extended finite element analysis damage evolution
variable. Damage initiated when DXFEM was greater than zero and completely evolved
when DXFEM was equal to one. The complete damage behavior of asphalt material was
defined by specifying the traction-separation curve shown in Figure 3.1.

Input

parameters included the maximum principal stress at which damage initiates and the
cohesive zone fracture energy GC.

4.4

CRACK LOCATION AND PROPAGATION

Cracks within the asphalt were modeled using the ABAQUS XFEM method where
cracks can initiate in any location within the material and crack propagation is not
confined to element boundaries within the finite element mesh. This degree of separation
across a crack was determined through the phantom node approach available in the
ABAQUS XFEM model. The phantom node approach is shown graphically in Figure
4.1. Phantom nodes were superimposed on the element nodes before displacement was
applied to the asphalt. Element stress increased with applied displacement until the
damage initiation criterion was satisfied. A crack formed within the element at this point
and the phantom and real nodes began to move apart. The phantom nodes and real nodes
moved independently of one another when the damage evolution criterion was satisfied
and the traction strength of the cracked element was equal to zero. The element then
physically split apart and formed a discrete crack; the crack formation and propagation
was not dependent on the finite element mesh. With the phantom node approach, the
crack near-tip stress singularity was not determined; rather, only the displacement jump
across a cracked element was utilized. Because of this, the crack propagated across an

52

entire element at a time to avoid the crack near-tip singularity calculation. The crack
geometry was described within the ABAQUS XFEM method using the level set method
(Dassault Systemes, 2009).

The geometry of the crack was defined by two near-

orthogonal distance functions which described the crack surface and an intersecting
orthogonal surface that represented the crack front.
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(cont.)

Damage evolution
complete

Discrete crack
Figure 4.1. ABAQUS Phantom Node Approach
4.5

METHODOLOGY

Traction-separation response, damage initiation and damage evolution were studied in an
asphalt pavement with an HMA overlay modeled in ABAQUS. Material properties were
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based on damage studies by Desai (2007), Chen (2010), and Tarefder et al. (2010).
Damage initiation material properties were based on indirect tensile testing (IDT) of
asphalt specimens performed by the author at the University of New Mexico asphalt
laboratory. Asphalt evolution material properties were based on a fracture damage study
by Aragão et al. (2011).

4.5.1

Asphalt Indirect Tensile Laboratory Testing

In order to determine the cohesive zone strength (t0max) of asphalt, indirect tensile (IDT)
strength tests were performed on two asphalt cylinders composed of Superpave SP-III
mixture prepared from a New Mexico local supplier in cooperation with the New Mexico
Department of Transportation. The SP-III mixture was composed of sand, aggregate,
crushed recycled asphalt pavement from a local interstate source, and asphalt binder. The
composition of the SP-III mix is shown in Table 4.1 and the gradation of the granular
portion is shown in Table 4.3. Two asphalt specimens used in IDT testing were prepared
using the SP-III mixture at the University of New Mexico asphalt laboratory. Each
specimen was compacted to 6% air voids, had a diameter of 4 in (100 mm), and was
approximately 1.8 in (45 mm) thick.
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Table 4.1. SP-III Asphalt Composition
Granular Portion

95.4%

Aggregate and Sand

80.1%

Crushed Recycled Asphalt

14.3%

Hydrated Lime

1.0%

Bituminous Portion

4.6%

PG 70-22 binder

Granular Gradation
Passing

1 in
0.5 in
No. 8
No. 200
(25 mm) (12.5 mm) (2.36 mm) (0.075 mm)
100%

80%

25%

Table 4.2. SP-III Asphalt Granular Portion Gradation
Sieve Size

Percent Passing

1 in

100

3/4 in

94

1/2 in

80

3/8 in

67

No. 4

34

No. 8

25

No. 16

17

No. 30

12

No. 50

7.7

No. 100

4.7

No. 200

3.4
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3.4%

IDT testing was performed according to ASTM D6931, “Standard Test Method for
Indirect Tensile (IDT) Strength of Bituminous Mixtures”. A photo of the test set-up is
shown in Figure 4.2. A compressive load was applied to a cylindrical asphalt specimen
along its short axis with a hydraulic loading device using ½-in wide steel loading strips.
The load was applied to the asphalt specimens at a constant displacement rate of 2
in/minute (50 mm/min) until the specimen cracked. Photos of the cracked specimens are
shown in Figure 4.3. The test was repeated on the specimen axis perpendicular to the
crack in order to obtain the IDT strength of damaged asphalt. Test results are presented
in Figure 4.4. The results of the material properties obtained through IDT testing are
shown in Table 4.3.

The IDT strength of the specimen, which is the horizontal tensile stress at the center
(Zaniewski and Srinivasan, 2004), was calculated using Equation 4.3 (ASTM D6931):
0
S t  t max


2 P
 t  D

Equation 4.3
where St = IDT strength (psi), P = maximum load applied to the specimen (lbf), t =
specimen height immediately before the test (in), D = specimen diameter (in), and t0max =
principal stress at which damage is initiated.
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Figure 4.2. IDT Testing Apparatus
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Figure 4.3. Asphalt Cylinder Specimens after Completion of IDT Test
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Figure 4.4. IDT Load versus Displacement Test Results
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0.1

0.12

Table 4.3. IDT Strength Test Results
Undamaged
SP-III
(Specimen 1)

Undamaged
SP-III
(Specimen 2)

Damaged
SP-III
(Specimen 1)

Damaged
SP-III
(Specimen 2)

4

4

4

4

1.875

1.875

1.875

1.875

2994

2698

1460

1734

254.1

229.0

123.9

147.2

Diameter, D (in):
Height, t (in):
Load at Failure, P (lbf):
IDT Strength, St (psi):
Average IDT Strength,
St

Undamaged SP-III

Damaged SP-III

241.58

135.56

1.67

0.93

(psi):
MPa:

4.5.2

Asphalt Indirect Tensile Test Finite Element Modeling

IDT testing of an asphalt cylinder was modeled two-dimensionally in ABAQUS to
validate the laboratory results obtained in this study. The geometry and the boundary
conditions for the asphalt core are show in Figure 4.5. The model utilized identical
dimensions to the IDT laboratory test specimens and used the elastic material properties
(Young’s Modulus and Poisson’s ratio) for SP-III mixtures as described by Tarefder et al.
(2010). The cylinder base had fixed boundary conditions constraining displacement and
rotation in the x, y, and z directions. A displacement was applied to the top of the
cylinder to simulate the IDT test.
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Applied
Displacement

D= 100 m
(4 in)

Fixed Boundary
Condition

Figure 4.5. Geometry of IDT Test Asphalt Cylinder for Finite Element Analysis

Two finite element models were created to simulate the response of undamaged and
damaged asphalt. The first model used the IDT strength for undamaged asphalt (shown
in Table 4.4) as the cohesive zone strength (t0max); the second model utilized the IDT
strength of damaged asphalt.

62

The finite element models exhibited cracking that was very similar to the results obtained
in the laboratory testing where cracking occurred under an applied vertical displacement
on the cylinder’s short axis. The cracked cylinder geometry is shown in Figure 4.6 and
the displacement contour plot is shown in Figure 4.7. Tensile stresses developed in the
center of the asphalt cylinders under the applied displacement as shown in Figure 4.8.
Damage initiated and evolved once the tensile stress reached the IDT strength values
shown in Table 4.4. Contour plots of the damage variable DXFEM for asphalt cylinders
with damaged and undamaged material properties are shown in Figure 4.9. The red
contours indicate that damage has initiated and evolved and that cracking has occurred in
the cylinder. These results are in good agreement with the actual crack propagation path
observed in the laboratory testing.
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Crack in asphalt
cylinder

Figure 4.6. Crack Geometry of IDT Asphalt Cylinder
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Figure 4.7. Contour Plot of Displacement of the IDT Asphalt Cylinder
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Figure 4.8. Contour Plot of Maximum Principal Stress for Various Time Step Increments
for the IDT Asphalt Cylinder with Undamaged Material Properties (top row) and
Damaged Material Properties (bottom row)

Figure 4.9. Damage Variable DXFEM Contour Plots for Various Time-Steps for the IDT
Asphalt Cylinder with Undamaged Material Properties (top row) and Damaged Material
Properties (bottom row)
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4.5.3

Asphalt Direct Tensile Test Finite Element Modeling

Results of direct tensile laboratory testing by Aragão et al. (2011) were examined to
determine the cohesive fracture energy (GC) for the asphalt material. In the Aragão et al.
(2011) study, asphalt cohesive zone fracture properties were determined using uniaxial
tensile testing on 75 mm (3 in) diameter, 140 mm (5.5 in) tall asphalt cylinders at room
temperature.

The tests were performed with a constant displacement rate of 0.28

mm/second. The test results are presented in Figure 4.10 and include an applied force
versus displacement curve for the upper cylinder surface. The Aragão et al. (2011) study
also included an asphalt cohesive zone strength (t0max) value of 1.17 MPa (170 psi) and a
cohesive fracture energy (GC) value of 0.339 mJ/mm2 (1.94 lb-in/in2).
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Figure 4.10. Aragão et al. (2011) and Force vs. Displacement Curve for Asphalt Cylinder
Loaded in Uniaxial Tension
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The average cohesive zone strength (t0max) of 1.67 MPa (242 psi) for undamaged asphalt
determined through the IDT testing performed in this study compares well with the
cohesive zone strength of 1.17 MPa (170 psi) determined by Aragão et al. (2011). Based
on the close comparison between the cohesive zone strength results, the cohesive fracture
energy (GC) shown in the Aragão et al. (2011) study was used as a starting point to
determine the cohesive fracture energy of the SP-III mixture (both undamaged and
damaged) tested in the present study. In order to determine the fracture energy of the SPIII mixtures, an asphalt cylinder with the dimensions specified by Aragão et al. (2011)
and the asphalt elastic material properties specified by Tarefder et al. (2010) were
modeled three-dimensionally in ABAQUS with a displacement applied to the top of the
cylinder and a pinned boundary condition constraining displacement and rotation in the x,
y, and z directions at the bottom of the cylinder. The geometry and the boundary
conditions for the asphalt cylinder are show in Figure 4.11.

Two asphalt cylinder models were created; the first model had a cohesive zone strength
(t0max) of 1.67 MPa (242 psi) of undamaged asphalt shown in Table 4.3 and a cohesive
fracture energy (GC) of 0.65 mJ/mm2 (3.71 lb-in/in2). The second model had a cohesive
zone strength (t0max) of 0.93 MPa (135 psi) of undamaged asphalt and a cohesive fracture
energy (GC) of 0.45 mJ/mm2 (2.57 lb-in/in2). These cohesive fracture energies were
determined by refining the fracture energies and comparing the force versus applied
displacement curves for undamaged and damaged SP-III to the Aragão et al. (2011) force
versus displacement curve until the tail end of the curves matched as shown in Figure
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4.12. In this way, the cohesive fracture energy (GC) input parameters for undamaged and
damaged asphalt were determined.

Figure 4.11. Geometry of Asphalt Cylinder for Finite Element Analysis
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Figure 4.12. IDT Test Finite Element Modeling Force vs. Displacement Curves for
Asphalt Cylinders Loaded in Uniaxial Tension

The asphalt cylinders modeled in ABAQUS exhibited cracking in the center under the
applied tensile displacement, which is in agreement with the type of failure described in
the Aragão et al. (2011) study. A figure of the cracked asphalt cylinder geometry is
shown in Figure 4.13. Stress and damage variable contour plots of the asphalt cylinder
model with no preexisting cracks are presented in Figure 4.14 and Figure 4.15. The
contours in the figures have been exaggerated for ease of visibility.

A contour plot of the maximum principal stress within the cylinder caused by the applied
displacement at various time steps is shown in Figure 4.14. This figure shows the
principal stress results for the cylinder with the undamaged asphalt material properties as
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well as results from the cylinder with damaged material properties. This contour plots
are shown on cross sections of the cylinders in order to show the stress concentrations
within the interior of the cylinders where cracking occurred. Stress concentrations did
occur at the base and top of the asphalt cylinders near the fixed boundary condition and
are shown in Figure 4.14. However, the location at which damage was allowed to occur
was selected a short distance away from the geometrical boundaries in order to avoid
damage from stress concentrations caused by boundary conditions.

A contour plot of the damage variable DXFEM is shown in Figure 4.15. The contours
associated with a non-zero value indicate that the maximum principal stress values for
damage initiation as shown in Table 4.4 were reached and damage initiated.

The

contours associated with a DXFEM value of one (red color) indicate that damage within the
element completely evolved and cracking occurred.

Several screen captures are

presented which show the damage variable as time progressed.
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Figure 4.13. Crack Geometry of the Asphalt Cylinder
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Figure 4.14. Contour Plot of Maximum Principal Stress for Various Time Step
Increments for the Asphalt Cylinder with Undamaged Material Properties (top row) and
Damaged Material Properties (bottom row)
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Figure 4.15. Damage Variable DXFEM Contour Plots for Various Time-Step Increments
for the Asphalt Cylinder with Undamaged Material Properties (top row) and Damaged
Material Properties (bottom row)

4.6

SUMMARY OF MATERIAL PROPERTIES

The material properties for asphalt pavement determined from referenced studies, IDT
testing, and direct tensile testing finite element modeling are summarized in the following
sections.

4.6.1

Elastic Behavior

The elastic material properties of the pavement system are summarized in Table 4.4. The
elastic properties of the subgrade and base course material were obtained from Desai
(2007).

The Poisson’s ratio of the undamaged asphalt and damaged asphalt were

obtained from Chen (2010) using a rule of mixtures approach for a composite material
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composed of asphalt aggregate and binder. The elastic modulus of asphalt was based on
a study on SP-III asphalt mixtures (Tarefder et al., 2010).

Table 4.4. Elastic Material Properties used in Finite Element Analysis
Undamaged
Asphalt

Damaged
Asphalt

Base Course

Subgrade

Elastic Modulus, E
(MPa):

7000

7000

390
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Elastic Modulus, E
(ksi):

1015

1015

56.5

10

Poisson’s Ratio, ν:

0.35

0.35

0.33

0.24

4.6.2

Damage Initiation and Evolution

The cohesive zone strength (t0max) damage initiation parameter for undamaged asphalt
and damaged asphalt were obtained from the IDT testing performed in this study as
shown in Table 4.3 and described in Section 4.5.2. The cohesive fracture energy (GC)
damage evolution parameter was obtained from finite element modeling of an asphalt
cylinder in direct tension as described in Section 4.5.3. Damage evolution parameters are
summarized in Table 4.5.
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Table 4.5. Damage Material Properties used in Finite Element Analysis
Undamaged Asphalt

Damaged Asphalt

Peak traction stress, t0max (MPa):

1.67

0.93

Peak traction stress, t0max (psi):

242

135

Cohesive fracture energy, GC
(mJ/mm2)

0.65

0.45

Cohesive fracture energy, GC
(lb-in/in2)

3.71

2.57

4.7

PAVEMENT SYSTEM FINITE ELEMENT MODELING

The asphalt material properties described in Section 3.7 were applied to a simulated
pavement system consisting of an existing asphalt layer with an HMA overlay. The
properties of undamaged asphalt shown in Table 4.5 were used for the HMA overlay,
while the properties of damaged asphalt shown in Table 4.5 were used for the existing
asphalt layer. The asphalt layers were underlain by base course and subgrade layers. The
pavement system finite element model was two-dimensional symmetric.

Two models of the pavement system were created. The first model assumed that no
cracks were present in the existing asphalt, while the second model assumed that the
asphalt layer had preexisting cracks. Both models were subjected to a static displacement
applied to the corner of the asphalt system. A static displacement was applied because
only a static stress XFEM analysis procedure is available for the version of ABAQUS
used in the present study (Dassault Systemes, 2009). The elements within 150 mm (6 in)
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of the applied displacement location had a tie constraint to the applied displacement to
simulate the displacement of a wheel load with a 6-inch radius. The tie constraint tied the
motion of the nodes of the nearby elements to the node with the applied displacement.
The tie constraint caused the applied displacement to be a maximum value at the point of
application and to decrease toward the terminating edge of the tie constraint.

A schematic of the pavement geometry without preexisting cracks is shown in Figure
4.16(a) and consisted of an 80 mm (3 in) HMA overlay above an 80 mm (3 in) thick
existing asphalt layer. A 150 mm (6 in) base course layer, and 1.5 m (5 ft) of subgrade
soil were located below the asphalt layers. All layers were 4.300 m (14 ft) wide. The
asphalt model with pre-existing cracks is shown in Figure 4.16(b). The existing asphalt
layer contained two linear cracks that were 40 mm (1.5 in) deep and spaced
approximately 100 mm (4 in) apart and were located 387.5 mm (15.25 in) and 487.5 mm
(19.2 in) from the left edge of the pavement system. The initial crack locations were
selected such that crack geometries did not interfere, as ABAQUS XFEM analysis
currently cannot analyze intersecting cracks (Dassault Systemes, 2009). The cracks were
located beyond the wheel load lateral tie constraint and extended halfway into the
existing asphalt layer.

The ABAQUS pavement system models with associated finite element mesh and
boundary conditions for the pavement system without preexisting cracks and the
pavement system with preexisting cracks are shown in Figure 4.17 and Figure 4.18,
respectively. An enlarged view of the finite element model mesh is also presented in
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these figures. Pinned boundary conditions at the subgrade layer base were used which
constrained displacement in the x and y directions. A symmetric boundary condition was
applied to the left side of the pavement system and constrained displacement in the x
direction and rotation in the y direction.

The pavement systems had a general mesh size

of 25 mm with a 5 mm mesh spacing within the asphalt near the top-left corner of the
system. The HMA overlay and existing asphalt layers were composed of free quadratic
elements. The base course material was composed free quadratic-dominated elements,
while the subgrade material was composed of structured quadratic-dominated elements.
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Figure 4.16. Geometry of Pavement System used in Finite Element Analysis
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Existing Asphalt = 80 mm (3 in)
Base Course = 150 mm (6 in)

Subgrade= 1500 mm (5 ft)
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Pinned Boundary Condition

(a) Mesh and Boundary Conditions
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HMA Overlay = 80 mm (3 in)

Existing Asphalt = 80 mm (3 in)

Base Course = 150 mm (6 in)

Symmetric
Boundary
Condition

Subgrade= 1500 mm (5 ft)

(b) Enlarged Mesh View
Figure 4.17. ABAQUS Pavement System Model without Preexisting Cracks
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(a) Mesh and Boundary Conditions
Applied
Displacement

HMA Overlay = 80 mm (3 in)

Preexisting
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Boundary
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Base Course = 150 mm (6 in)

Subgrade= 1500 mm (5 ft)

(b) Enlarged Mesh View
Figure 4.18. ABAQUS Pavement System Model with Preexisting Cracks
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4.7.1

Element Type and Time Step

Four-noded, bilinear, plane strain quadrilateral elements were used to model the HMA
overlay, existing asphalt, base course, and subgrade layers. The mesh nodes were spaced
25 mm apart in the majority of the model, while the mesh near the applied displacement
was refined to a 5 mm node spacing. A single time step (time period equal to one) was
used in the analysis with the time step increments (fractions of a step) shown in Table
4.6. These time step increments were chosen based on recommendations provided in an
ABAQUS damage-based fracture and failure workshop for modeling systems with large
displacements (Dassault Systemes, 2009b).

The step time incrementation was also

adjusted to account for non-linear effects ("Nlgeom" setting on).

An automatic

stabilization damping factor of 1 x 10-5 was also used. The time incrementation was
adjusted for a discontinuous analysis (I0 = 8, IR = 10). A maximum number of iterations
(IA) value of 15 was used in this analysis.

Table 4.6. Time Step Increments Used in ABAQUS Finite Element Model
Maximum Number of Increments

500

Initial Increment Size

1 x 10-4

Minimum Increment Size

1 x 10-50

Maximum Increment Size

0.1
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4.8
4.8.1

RESULTS AND DISCUSSION
Pavement System Modeling Results

The damage initiation and evolution material properties determined through IDT
laboratory testing and ABAQUS finite element modeling of asphalt cylinders in indirect
and direct tension were applied to a pavement system consisting of an HMA overlay, an
existing asphalt layer, a layer of base course material, and a layer of subgrade. An
enlarged view of the pavement system corner where displacement was applied is shown
in Figure 4.19 through Figure 4.22 to emphasize the damage that developed.

Finite element models were generated for two scenarios.

The first model had no

preexisting cracks in the asphalt material and cracking was allowed to generate anywhere
within the asphalt layers. The second model had two pre-existing cracks located in the
surface of the existing asphalt layer below the HMA overlay. When finite element
modeling was performed on the pavement system without preexisting cracks, a stress
concentration immediately developed at the bottom of the existing asphalt layer directly
beneath the wheel load and on the surface of the HMA layer near the edge of the wheel
load. For the pavement system with preexisting cracks in the existing asphalt layer,
cracking was confined to an area a short distance away from the applied displacement
and axis symmetric boundary conditions in order to reduce damage associated with the
boundary conditions.

Contour plots from the ABAQUS modeling on the pavement systems are presented in
Figure 4.19 through Figure 4.22. The contours in the following figures have been
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exaggerated for ease of visibility. Displacement contour plots for pavement systems both
with and without initial cracks in the existing asphalt layer are shown in Figure 4.19. The
pavement system without initial cracks in the existing asphalt layer experienced a
downward displacement of 0.14 mm (0.006 in) before cracking intersected the edge of
the pavement system and the model terminated. The pavement system with initial cracks
in the existing asphalt experienced a downward displacement of 12 mm (0.5 inches)
before the cracks in the existing asphalt material reached the surface of the new HMA
layer and the model terminated.

The maximum principal stress for the pavement system without preexisting cracks is
shown in Figure 4.20. Stress concentrations for the pavement system with no preexisting
cracks first occurred at the bottom of the existing asphalt layer directly beneath the wheel
load followed by a stress concentration at the surface of the new HMA layer. Stress
concentrations for the pavement system with preexisting cracks developed immediately
above and below the cracks and moved toward the surface of the new HMA as cracking
initiated. A contour plot showing only tensile maximum principal stress was created for
the pavement system with preexisting cracks. This plot is shown as Figure 4.21. Only
contours for tensile maximum principal stress values are shown in this figure to
emphasize the tensile stresses that develop in the model.

Compressive maximum

principal stress values in Figure 4.21 are shown in gray.

This figure shows the

development of high tensile maximum principal stresses near the bottom of the existing
asphalt layer and how the tensile stresses change as cracking initiates and evolves in the
pavement system.
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A contour plot of the damage variable DXFEM within the pavement system is shown in
Figure 4.22. The contours associated with a non-zero value indicate that the maximum
principal stress values for damage initiation as shown in Table 4.5 have been reached and
damage initiated. The red contours associated with a DXFEM value of one indicate that
damage within the element completely evolved.

For the pavement system without

preexisting cracks in the existing asphalt layer, the damage variable did not reach a value
of one and the cracks did not evolve. This was due to the fact that cracking had initiated
in elements at the model boundary, which caused the model to terminate. For the
pavement system with preexisting cracks in the existing asphalt layer, cracking first
traveled down from the preexisting cracks until the bottom of the existing asphalt layer
was cracked. Cracking then propagated up toward the surface of the new HMA layer.
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(a) No Preexisting Cracks
New crack growth
Preexisting portion of crack

(b) With Preexisting Cracks
Figure 4.19. Contour Plot of Displacement of the Pavement System

86

(a) No Preexisting Cracks

(b) With Preexisting Cracks
Figure 4.20. Contour Plot of Maximum Principal Stress in the Pavement System
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1

2

3

4

Figure 4.21. Contour Plot of Maximum Principal Stress in the Pavement System with
Preexisting Cracks (Two Contour Intervals)
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(a) No Preexisting Cracks

(b) With Preexisting Cracks
Figure 4.22. Damage Variable DXFEM Contour Plots of the Pavement System
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4.8.2

Correlations for Pavement System without Preexisting Cracks

Relationships between maximum principal stress versus displacement, maximum
principal stress versus the damage variable DXFEM, and maximum principal stress versus
principal strain were developed for the pavement system with no preexisting cracks in the
existing asphalt layer at the data locations show in Figure 4.23. These relationships are
shown in Figure 4.24 through Figure 4.25. Damage initiated within the asphalt layers
after the maximum principal stress values shown in Table 4.5 were reached.

Element Output: 29 elements right of the top-left element (elem. #21435)
Nodal Output: 29 right of the top-left node (node #1360)

Element Output: 31 elements down from the top-left element (elem. #7459)
Nodal Output: 31 nodes down from the top-left node (node #869)

Figure 4.23. Data Locations for Results Presented in Figure 4.24 through Figure 4.26

Figure 4.25 shows the relationship between the maximum principal stress and the damage
variable DXFEM. The DXFEM value remained at zero until damage was initiated, after
which the DXFEM value was greater than zero. DXFEM was equal to one when damage has
completely evolved. As shown in Figure 4.25, damage within both the HMA layer and
the existing asphalt layer initiated but did not evolve (DXFEM did not reach a value of
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one). This was due to cracks intersecting the model boundaries, which caused difficulties
in model convergence.

Figure 4.26 shows the relationship between maximum principal stress and associated
strain for elements within the HMA layer and the existing asphalt layer. After the
damage initiation strain was achieved, the stress should have decreases to a zero value,
and the portions of the element on either side of the crack recover elastically. Because
the model did not converge however, damage did not evolve and the strain within the
pavement system did not return to zero. The model was still able to capture a realistic
failure behavior for the asphalt without solution convergence as crack initiation occurred
in realistic locations within the pavement as shown in Figure 4.22.
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Maximum Principal Stress (SP3) vs. Displacement
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Figure 4.24. Maximum Principal Stress vs. Displacement for Pavement System with no
Preexisting Cracks
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Maximum Principal Stress (SP3) vs. StatusXFEM
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Figure 4.25. Maximum Principal Stress vs. Damage Variable DXFEM for Pavement System
with no Preexisting Cracks
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Maximum Principal Stress (SP3) vs. Strain (EP3)
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Figure 4.26. Maximum Principal Stress vs. Strain for Pavement System with no
Preexisting Cracks
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4.8.3

Correlations for Pavement System with Preexisting Cracks

Relationships between maximum principal stress versus displacement, maximum
principal stress versus the damage variable DXFEM, and maximum principal stress versus
strain were developed for the finite element analysis of the pavement system with
preexisting cracks in the existing asphalt layer at the data locations show in Figure 4.27.
These relationships are shown in Figure 4.28 through Figure 4.30. Relationships are
shown for an element at the bottom of the existing asphalt layer, at the bottom of the
HMA layer, and at the surface of the HMA layer.

Element Output: 26 elements right (R), 2 down (D) from the top-left 5 mm element (elem. #1384)
Nodal Output: 26 nodes (R), 2 (D) from the top-left node of the top-left 5 mm element (node #2350)

Element Output: 46 elements (R), 8 (D) from the top-left 5 mm element
(Elem. #1198)
Nodal Output: 46 nodes (R), 8 (D) from top-left node of top-left 5 mm elem.
(Node #2184)
Element Output: 56 elements right, 16 down from the top-left 5 mm element (elem. #299)
Nodal Output: 57 nodes right, 16 down from the top-left node of the top-left 5 mm element (node #1393)

Figure 4.27. Data Locations for Results Presented in Figure 4.28 through Figure 4.30

Figure 4.28 shows the relationship between maximum principal stress and displacement
for the pavement system. The base of the existing asphalt layer initially experienced a
compression stress. After cracks propagated downward into the layer however, the base
of the layer experienced tensile stress until cracking was complete. The HMA layer
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experienced tensile stresses during the applied displacement which increased until the
crack front reaches the layer; tensile stresses then decreased until a zero value was
reached.

Figure 4.29 shows the relationship between the maximum principal stress and the damage
variable DXFEM. The value of DXFEM remained at zero until damage was initiated, after
which the value of DXFEM was greater than zero. DXFEM was equal to one when damage
completely evolved.

Even though complete damage evolution in the material was

achieved as cracks developed, the elements at the top of the HMA layer and the bottom
of the existing asphalt layer exhibited a non-zero stress value when DXFEM was equal to
one. This was caused by solution convergence difficulties because the crack had reached
the edge of the model at the top of the HMA layer and the base course material at the
bottom of the existing asphalt layer, which was prohibited from cracking. However, the
model still captured a realistic cracking pattern within the asphalt as shown in Figure
4.22.

Figure 4.30 shows the relationship between maximum principal stress and associated
strain for an element within pavement system. The stress decreased to nearly zero after
the damage initiation strain was achieved. Although damage did occur in the asphalt
materials, the shape of the stress-strain curves indicated difficulties with solution
convergence due to crack intersection with the model boundaries.
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Figure 4.28. Maximum Principal Stress vs. Displacement for Pavement System with
Preexisting Cracks
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Maximum Principal Stress (SP3) vs. StatusXFEM
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Figure 4.29. Maximum Principal Stress vs. Damage Variable DXFEM for Pavement
System with Preexisting Cracks
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1

Maximum Principal Stress (SP3) vs. Strain (EP3)
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Figure 4.30. Maximum Principal Stress vs. Strain for Pavement System with Preexisting
Cracks
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4.8.4

Crack Pattern Dependency on Mesh Size

The dependency of the crack pattern on the mesh size was investigated for the pavement
system configuration with preexisting cracks shown in Figure 4.16 (b). The mesh around
the preexisting cracks was refined from a 5 mm mesh size to a 3 mm and 1.5 mm mesh
size. The cracking pattern as well as the Damage Variable DXFEM for each of these mesh
sizes is shown in Figure 4.31.

Figure 4.31 shows a similar cracking pattern exists for all three mesh sizes with similar
crack angles ranging from approximately 32 to 38 degrees from horizontal.

The

preexisting crack furthest from the wheel displacement advanced further with a 3 mm
mesh size compared to the model with a 5 mm mesh size and migrated down toward the
crack closest to the applied displacement. Crack damage initiated and evolved for the 5
mm and 3 mm models and is indicated by the red-colored contours in Figure 4.31.
However, damage initiated but did not evolve for the model with a 1.5 mm mesh size
before the model terminated. This comparison shows that the cracking pattern in slightly
dependent on mesh size and that damage evolution is dependent on mesh size for the
XFEM method.
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(a) 5 mm Mesh Size

(b) 3 mm Mesh Size

(c) 1.5 mm Mesh Size
Figure 4.31. Crack Pattern and Damage Variable DXFEM Contour Plots for Pavement
System with Preexisting Cracks with various Mesh Sizes
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Plots of maximum principal stress versus displacement were created for elements located
at the bottom of the existing asphalt layer, at the bottom of the HMA layer, and at the top
of the HMA layer for the 5 mm, 3 mm, and 1.5 mm mesh sizes investigated. These plots
are shown in Figure 4.33. The maximum principal stress versus displacement plots have
similar shapes for elements at the bottom of the existing asphalt layer, at the bottom of
the HMA layer, and at the top of the HMA layer for all three mesh sizes. However, there
are differences in the maximum principal stress values achieved within each system
before cracking occurred, as well as differences in displacement before cracking was
completed in the elements.
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(b) Bottom of HMA Layer
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(c) Top of HMA Layer
Figure 4.32. Maximum Principal Stress vs. Displacement for Pavement System with
Preexisting Cracks for various Mesh Sizes
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4.8.5

Crack Pattern Dependency on Preexisting Crack Location

The dependency of the crack pattern on the location of the preexisting cracks was
investigated for the pavement system configuration with preexisting cracks shown in
Figure 4.16 (b). Two scenarios were investigated. The two cracks were located under the
applied wheel displacement in the first scenario and were 37.5 mm (1.5 in) and 137.5 mm
(5.4 in) from the left edge of the model. The cracks were then moved further away from
the wheel displacement for the second scenario and were 737.5 mm (29.0 in) and 837.5
mm (33.0 in) from the left edge of the model. The depth, length, and spacing of the two
preexisting cracks described in Section 4.7 were kept constant for the analysis. The
pavement mesh size on both models was adjusted to ensure that the areas containing
cracks had a 5 mm mesh size. The cracking patterns from these two scenarios were then
compared to the cracking pattern described in 4.7 where the preexisting cracks were
located 387.5 mm (15.25 in) and 487.5 mm (19.2 in). The cracking pattern comparison is
shown in Figure 4.33.
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(a) 387.5 mm and 487.5 mm from Left Edge

(b) 37.5 mm and 137.5 mm from Left Edge

(c) 737.5 mm and 837.5 mm from Left Edge
Figure 4.33. Crack Pattern and Damage Variable DXFEM Contour Plots for Pavement
System with Preexisting Cracks with Cracks Located at Various Distances from the
Applied Wheel Displacement
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The angle of cracking (approximately 33 degrees from horizontal) for the crack farthest
from the applied displacement was similar between the model with the preexisting cracks
located under the applied displacement shown in Figure 4.33(b) and the model with the
preexisting cracks 387.5 mm (15.25 in) from the left edge shown in Figure 4.33(a). The
crack closest to the applied displacement in the model shown in Figure 4.33(b) grew at a
steeper angle (approximately 65 degrees from horizontal) than the crack shown in Figure
4.33(a). Damage initiated in this crack but did not evolve. When the preexisting cracks
were located a far distance (737.5 mm, 29.0 in) from the left model edge, cracking
initiated but did not evolve, and the crack closest to the applied displacement migrated
only a short distance into the HMA layer. This comparison shows preexisting cracks will
migrate at a steeper angle toward the top of the HMA when the preexisting cracks are
located below the applied displacement as shown in Figure 4.33(b). Preexisting cracks
will migrate toward the top of the HMA layer at a shallower angle when the cracks are
located a moderate distance from the wheel load as shown in Figure 4.33(a). Crack
growth will be minimal when the preexisting cracks are located farther from the wheel
load as shown in Figure 4.33(c).

The difference in maximum principal stress values was examined for all three preexisting
crack location scenarios. This comparison is shown in the maximum principal stress
contour plots created at the end of the finite element model time step shown in Figure
4.34. Only contours for tensile maximum principal stress values are shown in Figure
4.34 to emphasize the tensile stresses that develop in each model.

Compressive

maximum principal stress values in Figure 4.34 are shown in gray. Both tensile and
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compressive stresses developed in the model with the preexisting cracks 387.5 mm
(15.25 in) from the left edge shown in Figure 4.34(a). The maximum principal stress
damage initiation criteria was met and cracking initiated in this model. Cracking also
evolved in this model since the maximum traction-separation crack-opening displacement
was met, and damage with the cracks evolved. The maximum principal stress contour
plots for the models with the preexisting cracks 387.5 mm (15.25 in) and (737.5 mm,
29.0 in) from the left edge are shown in Figure 4.34(b) and Figure 4.34(c), respectively.
Although the tensile maximum principal stress values created in these models was
enough to initiate damage, the crack-opening displacement required for crack growth was
not achieved, and damage did not evolve in these systems.
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(a) 387.5 mm and 487.5 mm from Left Edge

(b) 37.5 mm and 137.5 mm from Left Edge

(c) 737.5 mm and 837.5 mm from Left Edge
Figure 4.34. Crack Pattern and Maximum Principal Stress Contour Plots for Pavement
System with Preexisting Cracks with Cracks Located at Various Distances from the
Applied Wheel Displacement
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4.8.6

Tension in Base Course Material

Figure 4.21 shows that tensile maximum principal stress developed within the base
course material for the pavement system with preexisting cracks. This is not a realistic
scenario for base course material since base course is generally composed of cohesionless
aggregate and sand and cannot sustain a tensile load. The effect of the base course layer
thickness on tensile principal stress was investigated. Two scenarios were modeled. The
first scenario had a base course thickness of 75 mm (3 in) which is half of the base course
thickness described in Section 4.7 of 150 mm (6 in). The second scenario had a base
course thickness of 300 mm (12 in) which is twice the base course thickness described in
Section 4.7. In both cases, the subgrade material was either increased or reduced by the
height difference taken from the base course material. Contour plots of the damage
variable DXFEM for all three scenarios are shown in Figure 4.35. Contour plots of the
maximum principal stress for each scenario are shown in Figure 4.36. Only contours for
tensile maximum principal stress values are shown in Figure 4.36 to emphasize the
tensile stresses that develop in each model depending on the base course layer thickness.
Compressive maximum principal stress values in Figure 4.36 are shown in gray.

Figure 4.36 shows that tensile maximum principal stresses are present in the base course
layer for all three layer thicknesses modeled. This tensile stress extends further laterally
as the base course layers get thicker. Tensile maximum principal stresses also develop in
the subgrade material as the base course layer thickness increases.
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(a) Base Course Thickness of 150 mm (6 in)

(b) Base Course Thickness of 75 mm (3 in)

(c) Base Course Thickness of 300 mm (12 in)
Figure 4.35. Crack Pattern and Damage Variable DXFEM Contour Plots for Pavement
System with Preexisting Cracks and Various Base Course Layer Thicknesses
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(a) Base Course Thickness of 150 mm (6 in)

(b) Base Course Thickness of 75 mm (3 in)

(c) Base Course Thickness of 300 mm (12 in)
Figure 4.36. Maximum Principal Stress Contour Plots for Pavement System with
Preexisting Cracks and Various Base Course Layer Thicknesses
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A plot of tensile maximum principal stress versus time step for an element located at the
bottom left-hand corner of the base course layer for each of the scenarios is shown in
Figure 4.37. Figure 4.37 shows that the tensile maximum principal stress decreases as
the base course layer increases. All three base course thickness models converged to the
same tensile maximum principal stress however as time progressed regardless of the layer
thickness. This shows that tensile maximum principal stress will be present in the base
course material for the pavement system models used in this study regardless of the base
course layer thickness. This means that the base course material modeled in this study
would need to be represented by a material which could sustain a tensile maximum
principal stress in the field, such as base course reinforced with geosynthetic material or a
base course material stabilized with cement.
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Figure 4.37. Maximum Principal Stress in Base Course Layer versus Time Step for
Various Layer Thicknesses
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4.9

CHAPTER CONCLUSIONS

Pavement systems with an HMA overlay on top of an existing asphalt layer were
successfully modeled in ABAQUS as described in this chapter. Chapter conclusions
include:


The models developed in this study provided realistic cracking patterns for
asphalt systems with preexisting cracks in the existing asphalt layer and without
preexisting cracks in the existing asphalt layer.



Peak traction stress at failure (t0max) values of 1.67 MPa and 0.93 MPa were
determined for undamaged and damaged asphalt, respectively, through indirect
tensile testing of asphalt cores.



Cohesive fracture energy (GC) values of 0.65 mJ/mm2 and 0.45 mJ/mm2 were
determined for undamaged and damaged asphalt, respectively, through direct
tensile test finite element modeling of asphalt cores.



The cracking pattern within the asphalt system with preexisting cracks in the
existing asphalt layer is not dependent on mesh size. However, the amount of
tensile stress and displacement associated with cracking is slightly dependent on
mesh size.



Cracks migrated at a steeper angle toward the top of the HMA layer when the
preexisting cracks were located below the applied wheel displacement.
Preexisting cracks migrated toward the top of the HMA layer at a shallower angle
when the cracks were located a moderate distance from the wheel displacement,
and crack growth was minimal when the preexisting cracks were located farther
from the wheel displacement.
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5
5.1.1

CONCLUSIONS

Polymeric Composites

A double cantilever beam composed of IM7/977-2 composite material subjected to Mode
I loading was successfully modeled in ABAQUS. The finite element model developed in
this study predicted the interlaminar strength of the IM7/977-2 composite with reasonable
accuracy as compared to laboratory data obtained from Johnson et. al. (2005). According
to the results of the finite element model, damage within the interlaminar material of an
8-ply, IM7/977-2 composite panel at room temperature will occur at an applied Mode I
“peeling” force of 35.5 N with an associated displacement of 21.9 mm.

Damage

evolution was then described according to a traction-separation law as shown in Figure
3.13. All input parameters required for damage modeling with ABAQUS were defined in
this study.

Damage within the composite material was simulated in a way that did not require a predefined cracked zone.

Damage was described according to a damage variable, D

according to principles of the disturbed state concept. The stiffness and load-carrying
capability of the interface material was systematically reduced according to a traction
separation law until the interface material could not sustain a load and completely failed.

5.1.2

Asphalt Pavement Composites

Pavement systems with an HMA overlay on top of an existing asphalt layer were
successfully modeled in ABAQUS. This included modeling a system without preexisting
cracks in the existing asphalt layer as well as a system with preexisting cracks. The finite
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element models developed in this study predicted the maximum principal stresses within
various points of the pavement system under an applied static displacement.

The

developed models provided realistic cracking patterns for asphalt systems and
specifically described bottom-up cracking for a pavement system with and HMA overlay
on top of an existing asphalt layer with preexisting cracks. Peak traction stress at failure
(t0max) values of 1.67 MPa and 0.93 MPa were determined for undamaged and damaged
asphalt, respectively, through indirect tensile testing of asphalt cores. Cohesive fracture
energy (GC) values of 0.65 mJ/mm2 and 0.45 mJ/mm2 were determined for undamaged
and damaged asphalt, respectively, through direct tensile test finite element modeling of
asphalt cores.

Damage within the asphalt material was described using a traction-separation law where
damage initiation and evolution was described according to a damage variable, D
according to the disturbed state concept. A pre-cracked zone was not required to model
cracking within the asphalt. Rather, cracks were allowed to develop based on the state of
the maximum principal stress within the materials. Even though a pre-cracked zone was
not required, the case where preexisting cracks were present within the asphalt was
considered, as this is a common scenario in HMA overlays for a pavement system.

The damage initiation versus maximum principal stress and maximum principal stress
versus displacement curves developed in this study can be used to predict the stress and
displacement values at which damage will occur within new HMA and existing asphalt
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materials. These curves can also be used to predict the stress or displacement at which
damage has completely evolved and the material can no longer sustain stress.

This study is unique in that it allows for damage modeling where discrete cracks can
form within the finite elements without the need for preexisting cracks utilizing the
ABAQUS XFEM method. This method also allows cracks to develop independently of
the mesh geometry. When cracks develop, the finite elements physically split according
to the stress state within the element.

This ABAQUS XFEM method used in this study has several drawbacks.

Most

importantly, the XFEM method in the current version of ABAQUS can only be used for
static loading conditions. Dynamic loading conditions are preferable when modeling
asphalts that experience cyclic dynamic loads from wheel loads. The author recommends
that further asphalt damage analysis studies be performed in future versions of the
ABAQUS software where dynamic loading may be allowed for XFEM analysis.

The XFEM tool also cannot presently model crack interactions and elements cannot be
intersected by more than one crack (Dassault Systemes, 2009). This does not allow
modeling of multiple cracks developing in a single small location. The software is also
very sensitive to boundary condition stress concentrations, and solutions will not
converge when cracks intersect each other or the edge of the finite element model. The
author recommends that the finite element analyses performed in this study be
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reevaluated in future versions of the ABAQUS software when the problems encountered
in this study have been addressed.

Even though convergence difficulties were encountered, the pavement system models
developed in this study accurately predicted a realistic cracking pattern within the asphalt
materials. Cracks propagated toward the bottom of the existing asphalt layer and toward
the surface of the HMA overlay in the finite element model that had cracks within the
existing asphalt. Cracking initiated below the wheel load in the existing asphalt layer and
on the surface of the HMA overlay in the model that had no preexisting cracks in the
existing asphalt layer. Both of these damage scenarios are realistic mechanisms for
failure for pavement systems and have been documented in many pavement damage
assessment studies (Huang, 2003).

This study therefore provides input parameters

validated through laboratory testing to accurately predict failure behavior is asphalt.
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